To measure the attenuation of sound by modern incubators.
Developmental problems in premature infants have raised concern about the neonatal intensive care unit (NICU) environment, and part of that concern involves sound exposure. 1 Sound sources in incubators include the motor of the incubator, infant sounds, and personnel and equipment sounds transmitted from outside the incubator. To devise sound reduction strategies, the relative contribution of inside and outside sounds to the total sound environment of the infant needs to be known. There is little information about accentuation or attenuation of outside sounds by the incubator. In this study, we describe the transmission of sound into the incubator.
METHODS
All sound equipment was purchased from Quest Technologies (Oconomowoc, WI). L EQ , L MAX , and L PEAK were recorded using noise dosimeters (model Q-100) and sound level meters (model 2900). Octave band analysis was performed using sound level meters (model 2900) and octave band analyzers (model OB-300). The instruments were calibrated before each measurement sequence using an acoustic calibrator (model QC-10) according to the manufacturer's specifications. The accuracy of these instruments is Ϯ 2 dB.
Recordings were performed in one room of the NICU at Pitt County Memorial Hospital (Greenville, NC). This rectangular room (51 ϫ 27 ft) has 12 beds placed around the perimeter of the room. Two islands, used as workstations, are located in the center of the room, and three doors provide access to the unit. The ceiling consists of nonacoustic tiles, the walls are made of painted sheet rock, and the floor is concrete with a ceramic tile covering. Sources of sound in this room include airflow, audible monitor alarms, intercom paging, printers, telephones, personnel conversation, door closings, and equipment noise. The incubator being studied was placed in one corner of this room where 8 to 12 infants were receiving tertiary care. The measurements were made between noon and 3 PM for convenience. The sound levels during those hours were consistent with the 24-hour sound profile. 2 At the time of this study, no sound reduction procedures had been instituted.
The microphones inside the incubator were placed where an infant's ear would be. The outside microphones were located on top of the incubator, directly above the inside microphone (27-cm distance). The incubators used were recently purchased models: Air Shields Quiet Touch (model c550, Vickers PLC, Hatboro, PA), designated incubator A, and Ohmeda Ohio Care Plus (model LR87400, The Boc Group, Madison, WI), designated incubator B. Measurements were made with the incubator motor off and on.
Three measurement strategies were used. To compare our data with recommendations for NICU noise limits, 1 we measured L EQ and L MAX . L EQ is a time integration of the sound pressure level (SPL), representing the sound pressure that, if kept constant over the measurement period, would equal the average of the variable SPLs measured during that period. L MAX is the highest SPL recorded during the measurement period. These L EQ and L MAX measurements were made using the A filter, a frequency-weighting filter that simulates human hearing at low SPLs and slow response time (1-second averaging). This L MAX measurement is referred to as L MAX-slow . A total of 30 con-
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secutive, simultaneous samples at 10-second intervals were recorded. To study transmission of shorter duration sound (under 0.5 seconds) which may be more responsible for acute physiological changes, 3 we measured a shorter duration L MAX and L PEAK . L MAX , in this instance, was measured using the A filter and fast response time (125-millisecond averaging) and is referred to as L MAX-fast . L PEAK measurements represent the highest, A-weighted, instantaneous SPL (within the range of 50 to 90 dBA) occurring during that measurement period. The difference between "slow," "fast," and "peak" measurements is the response time of the meter to short duration sounds (i.e., the faster the response time, the higher the reading).
A total of 30 consecutive, simultaneous measurements were recorded at 10-second intervals.
To measure sound frequency distribution inside and outside the incubator, we performed frequency analysis using 1/1 octave filters (model OB-300) attached to sound level meters (model 2900). These measurements were made without additional filtering by the sound level meter (linear frequency weighting) and fast response time. A total of 10 simultaneous, consecutive replications were performed.
Data were analyzed by analyses of variance and by Student's t-tests. Figure 1 illustrates the difference in measurements, outside minus inside, using data from both incubators with the incubator motor off and on. L EQ is attenuated inside by 15.1 dBA with the motor off and 5.7 dBA with the motor on. The reduction in L MAX-slow is 15.8 dBA with the motor off and 8.1 dBA with the motor on. The attenuation of L MAX-fast is 17.3 dBA with the motor off and 4.9 dBA with the motor on. The L PEAK measurements show attenuation of 16.3 dBA inside the incubator with the motor off and 6.7 dBA with the motor on. Each of these attenuations are statistically significant ( p Ͻ 0.001) using a one-sample Student's t-test. For every measurement of sound reduction, the variable motor is highly significant ( p Ͻ 0.0001). These p values were obtained using a two-way analysis of variance with the following variables: motor (on or off) and incubator (A or B).
RESULTS
Comparison of the two incubators with the motor on reveals differences as seen in Figure 2 . Incubator B attenuates L EQ and L MAX-slow 5 dBA more than incubator A ( p Ͻ 0.0001). With the motor off (not shown in Figure 2) incubator B attenuates L EQ and L MAX-slow 3 dBA more than incubator A ( p Ͻ 0.0001). L MAX-fast and L PEAK show no difference ( p Ͼ 0.1) between incubators. These p values were obtained using the Welch modified two-sample Student's t-test. Figure 3 shows the results of the octave band analysis. Inside and outside values were analyzed using paired Student's t-tests. The SPL in all frequency bands was significantly different ( p Ͻ 0.05) except at the frequencies noted with an asterisk. With both incubators, when the motor is off (Figure 3.1 and 3. 2), the greatest attenuation occurs at frequencies of Ն125 Hz. With the motor on ( Figure 3.3 and 3.4) , the inside sound level is the same or higher than the outside level at Յ125 Hz.
DISCUSSION
In 1969, Seleny and Streczyn measured the noise inside incubators in various locations within a hospital. 4 They found the incubator motor sound energy to be maximal at 125 Hz, measuring 68 to 82 dBA. In their study, sounds outside the incubator added to the sound level in the closed incubator. In 1971, Dayal et al. showed that guinea pigs exposed to noise and kanamycin 5 in an incubator producing 68 to 72 dB at 125 Hz had a persistent pattern of cochlear hair cell damage. In 1974, the Committee on Environmental Hazards of the American Academy of Pediatrics cited this study and two others to formulate their recommendation 6 for "manufacturers of incubators to reduce the noise from motors as much as possible, preferably below 58 dBA, a level which potentiates the ototoxicity of kanamycin in experimental animals." This recommendation is frequently misrepresented in the literature as indicating the sound level that will cause hearing loss in human infants. Manufacturers follow the recommendation of the International Electrotechnical Commission, which states that ". . . the sound level within the Baby Compartment shall not exceed an A- weighted SPL of 60 dBA. . . " 7 This recommendation is the same as that of the American National Standards Institute. 8 This standard exceeds the 50 dBA recommendation for NICUs proposed in "Recommended Standards for Newborn ICU Design."
1 Also, in 1974, the Environmental Protection Agency suggested an L DN (day-night equivalent sound level with an additional 10 dBA weighting imposed for 10 PM to 7 AM) of 45 dBA for hospitals as "requisite to protect the public health and welfare with an adequate margin of safety." 9 Few nurseries in this country are that quiet.
Our first consideration was whether the incubators attenuated sound sufficiently to meet current recommendations for infants in a NICU. Our outside measurements averaged 56 dBA, 6 dBA above the recommended hourly L EQ of 50 dBA. Inside the incubators, the average sound was 50.3 dBA with the motor on. Therefore, in the absence of additional sound sources in the incubator such as respiratory equipment, the sound exposure approaches the recommendation. When respiratory equipment is used within the incubator, the interior noise may well exceed the exterior noise. 10 Also, impulse noises may be greater due to objects hitting the incubator surface and the sound of incubator door latches. 11 Our study shows that short duration sounds, measured as L MAX-fast corrected, and L PEAK , corrected, are also attenuated by the incubator. However, these measurements involved sounds arising from the NICU and not from the surface of the incubator being studied. Sounds arising from latches and impacts with the incubator wall may be even louder on the inside. We have suggested previously that recommendations be developed regarding exposure to these sounds. 12 This would provide manufacturers with guidance in further decreasing these sound sources in the design of incubators. Such sounds originating from the incubators (such as latch sounds) could be minimized and the attenuation characteristics of the incubator wall might be improved. Other design considerations might include the use of soundcanceling techniques to further decrease the motor sounds within the incubator.
Another concern regarding incubator care is the isolation of the infant from human voices. Although the predominant sound energy in a running incubator is of low frequency and the human voice has a higher frequency range, we do not know the degree of attenuation and masking of voice sounds by the incubator.
This study shows a difference in incubator models similar to work by Berens and Weigle. 13 An additional aspect of their study was the demonstration of attenuation of added sound of frequencies of 250 and 1000 Hz. Such an approach may be appropriate for manufacturers in the future; that is, in addition to reporting the internal sound production of the incubator using A frequency weighting, standards might be developed to test the attenuation characteristics of the incubator at different frequencies.
Excessive sound exposure can also be reduced by decreasing the ambient sound outside the incubator. Because environmental sounds affect both babies in open beds and caretakers, sound within the NICU should be minimized. We have shown the influence of personnel conversation and airflow on sound levels. 14 Berens and Weigle have reported the small effect of acoustical ceiling tiles. 15 Carpeting is undoubtedly an effective sound reduction intervention, but no documentation of this effect in a NICU has been published. Further studies are needed to better define the source and characteristics of sounds in the NICU and the effect of interventions.
An even greater need is a demonstration of the effects of various sounds on premature infants. The recommendations for NICUs regarding the measurement of hourly L EQ , L 10 , and L MAX using A frequency weighting and slow response time are based on minimal information having to do with sleep interruption in infants. These recommendations are a beginning and should benefit infants and caregivers. With further research, recommendations will doubtless change and have a more extensive physiological basis.
